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Convergent extension (CE) movements in gastrulation are essential for the establishment of the body axis during early vertebrate development.
Although the precise molecular mechanisms of CE movements are not clearly understood, noncanonical Wnt pathway is known to be important
for the control of CE movements. Here, we present evidence that PKA is implicated in noncanonical Wnt pathway. Overexpression and specific
depletion of PKA inhibit CE movements. PKA depletion also disrupts cell morphology, protrusive activity, and cortical actin formation in dorsal
mesodermal cells. Moreover, PKA activity is negatively regulated by major components of planar cell polarity (PCP) pathway. In line with this,
overexpression of PKA can rescue the inhibition of CE movements caused by overexpression of these molecules. We also demonstrate that this
regulation of PKA activity is dependent upon Gαi signaling. As a negative component of PCP signaling, PKA inhibits not only the activation of
RhoA and JNK but also the Dsh-Daam1-RhoA complex formation which is essential for the regulation of RhoA activity. Together, our study
suggests a molecular pathway from Wnt/Dsh/PKA signaling to Rho activation in PCP signaling.
© 2006 Elsevier Inc. All rights reserved.Keywords: Wnt; cAMP-dependent protein kinase (PKA); Convergent extension (CE) movements; Dsh; RhoA; Xenopus embryoIntroduction
Gastrulation is the first important morphogenetic process in
embryonic development. The major driving forces in this
process include convergent extension (CE) movements, in
which cells polarize and elongate along themediolateral axis and
intercalate toward the midline (convergence). This leads to the
extension of the anterior/posterior axis (reviewed in Veeman et
al., 2003). Although the precise molecular mechanisms of CE
movements are not clearly understood, the noncanonical Wnt
pathway is known to be important in the control of CE
movements (reviewed in Kuhl, 2002; Solnica-Krezel, 2005).
The Wingless/Wnt family of secreted signaling molecules and
the downstream components of the Wnt signal transduction
pathway are highly conserved among animal species (for a
review, see Solnica-Krezel, 2005). Wnts bind to cell surface
receptors encoded by the Frizzled (Fz) gene family. In turn,
receptor activation activates Dishevelled (Dsh), the most
proximal cytosolic component. The precise molecular role of⁎ Corresponding author. Fax: +82 54 279 2199.
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doi:10.1016/j.ydbio.2006.01.011Dsh activation in the pathway is still not clear, but it may be
intricate, as suggested by the branching of Wnt signaling
downstream of Dsh. The first Wnt signaling branch is the Wnt/
β-catenin pathway, which induces a secondary axis and
transcription of target genes, such as siamois and Xnr3, when
misexpressed in embryos. The second is the noncanonical Wnt
pathway, which does not involve β-catenin/Tcf-mediated
transcription (reviewed in McEwen and Peifer, 2000). The
noncanonical Wnt pathway branches into two cascades: the PCP
pathway (planar cell polarity) and the Wnt/Ca2+ pathway. The
Wnt/Ca2+ pathway stimulates intracellular calcium release in a
G-protein-dependent manner, then activates PKC (Sheldahl et
al., 1999; Slusarski et al., 1997a,b). The PCP pathway involves
Wnt11, Fz7, Dsh, Strabismus, Daam1, RhoA, Rac, Rho kinase
(ROKα), and Jun N-terminal kinase (JNK; reviewed inMyers et
al., 2002; Yang, 2003). Although recent studies have shed light
on how CE movements are regulated, the identities of the
molecular targets ofWnt11/Fz7 signaling involved in the control
of cellular behavior during gastrulation are poorly understood.
We have reported that overexpression of PKA blocks CE
movements and reduces cell polarization, leading to randomized
migration on the conditioned substrata in the head mesodermal
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activation on activin-stimulated animal explants (Song et al., 2003).
Although much evidence suggests that PKA is involved in
gastrulation movements, its molecular role is not well understood.
Here, we show that loss of PKA function severely impairs
gastrulation movements, cell protrusion, and cortical actin
formation, all essential in the dynamic morphogenetic process.
We also demonstrate that PKA is negatively regulated by Wnt/
Dsh signals, which is important in activation of RhoA GTPase
and JNK, critical effectors of the PCP pathway.
Materials and methods
Egg and embryo manipulation
Eggs were obtained from Xenopus laevis primed with 800 U of human
chorionic gonadotropin. Developmental stages of embryos were determined
according to Nieuwkoop and Faber (1967).
Plasmids, RNA transcription, and morpholino oligo
The constructs encoding catalytic subunit α of Xenopus PKA (XPKAc) and
kinase-inactive version of PKA [PKA (K72R)] were kindly provided by Dr.
Nebreda. XPKAc and PKA (K72R) were subcloned into the ClaI and XbaI sites
of pCS2+ vectors. pSP35T-preprolactin was also a generous gift from Dr.
Amaya. A plasmid bearing the gene for mb-Venus was a kind gift from Dr.
Kinoshita. The expression constructs pCS2-PTX, pCS2-α-transducin, pCS2-
Gαi, pCS2-Myc-rFz1, pCS2-Myc-rFz2, and various Dsh constructs were kindly
provided by Dr. Randall Moon. The expression constructs pGEM-Gβ and
pFROG-Gγ were provided by Dr. Stephen. Capped mRNAs were synthesized
from linearized plasmids using the mMessage mMachine kit (Ambion).
Antisense morpholino oligos were obtained from Gene Tools. The MO
sequences were as follows: PKA MO, 5′-CTTTGTGGTAGCCGCGTTGCC-
CATG-3′; control MO, 5′-CCTCTTACCTCAGTTACAATTT ATA-3′.
RT-PCR analysis
For RT-PCR analysis, total RNAwas prepared from embryos, animal cap or
DMZ explants with TRI reagent (Sigma) and treated with RNase-free DNase I
(Roche) to removegenomicDNAs.RNAwastranscribedbyusingM-MLVreverse
transcriptase (Promega). PCRamplificationwas performedusingTaqpolymerase
(TaKaRa). Primers for ODC, Chordin, goosechoid, Xbra, Xnot,MyoDa, NCAM,
Otx2, Endodermin, siamois, and Xnr3 were as described in Dr. De Robertis'
homepage (http://www.lifesci.ucla.edu/hhmi/derobertis/index.html).
In vitro kinase activity assay for PKA
PKA activity in DMZ explants was determined by using the SignaTECT
cAMP-dependent protein kinase assay system (Promega) according to the
manufacturer's instructions. Two dorsal blastomeres of four-cell stage embryos
were injected into the equatorial region with the indicated RNAs. DMZ explants
were dissected at stage 10.5 and cultured until siblings reached stage 11.5–12.
Dissected DMZ explants were frozen in liquid nitrogen and used in separate
assays. The quantity of protein in each sample was determined by using the
BCA protein assay reagent (Pierce).
Explants and cytological observations
Animal caps and DMZ explants were dissected at stages 9 and 10.5,
respectively. These explants were cultured in 1× MR containing 10 μg/ml of
bovine serum albumin, 50 μg/ml of gentamicin, and 5 μg/ml of streptomycin.
The procedure for observing cells during convergent extension movements was
basically according to Wallingford et al. (2000) with some modification.
Explants were isolated at stage 10.25 and cultured on a cover glass coated with
fibronectin (FN; 0.1 mg/ml F1141; Sigma-Aldrich). To stain F-actin, cells werefixed in 4% paraformaldehyde in PBS for 1–2 h and stained with PBS
containing Triton X-100 (0.5%) and rhodamine–phalloidin (Molecular probes,
40-fold dilution) for 10 h at room temperature. The subcellular localization of
proteins was monitored using a confocal laser-scanning microscope (Zeiss).
Immunoprecipitation, immunoblotting, and antibodies
HEK293T cells were transiently transfected with the indicated constructs
using Lipofectamine-Plus Reagent (Invitrogen). All cells were sonicated in lysis
buffer containing 50 mM HEPES/NaOH (pH 7.5), 3 mM EDTA, 3 mM CaCl2,
80 mM NaCl, 1% Triton X-100, 5 mM DTT, protease inhibitors and centrifuged
to remove insoluble debris. The supernatant was incubated at 4°C for 6 h with 2
μg of the indicated antibodies. Protein-A-Sepharose conjugates (Zymed) were
added, and the immune mixture was incubated at 4°C for 3 h. The immune
complexes bound to protein-A beads were washed five times with lysis buffer
and then subjected to SDS-PAGE and Western blotting. Monoclonal antibodies
against GFP, Myc, HA, and polyclonal antibodies against Rho, PKAcat, GFP,
Myc, and JNK were from Santa Cruz Biotechnology. Anti-phospho-JNK was
from Cell Signaling.
RhoA phosphorylation assay
Phosphorylation of RhoA was measured from the amount of 32P
incorporated into the enzyme after precipitation with specific RhoA antibody.
DMZ explants were isolated at stage 10.25 and cultured until stage 12, at which
point they were processed using the phosphorylation assay. DMZ explants were
incubated with 32P orthophosphate for 10 h at 31°C. The reaction was terminated
with an equal volume of lysis buffer. The cell lysates were incubated with RhoA
antibody for 3 h at 4°C and with Protein-A-Sepharose conjugates (Zymed) for
another 2 h. The immunoprecipitates were washed and separated by
electrophoresis on 15% SDS-PAGE. After transfer to PDVF membranes, 32P-
labeled RhoA was visualized by autoradiography.
RhoA activity assay
Isolation of activated RhoA from dorsal marginal zone lysate was performed
by affinity for the protein-binding domain of Rhotekin (GST-C21). Myc-RhoA
mRNAwas injected into two dorsal blastomeres of four-cell stage embryos with
or without the reagents indicated in the text. DMZ tissues were dissected at stage
10.5 and lysed in the lysis buffer. GST-RBD fusion protein was produced from
the bacteria transformed with pGEX3X-GST-RBD (kindly provided from
Martin Alexander Schwartz). GST-RBD binding assay was performed as
described (Ren et al., 1999).
JNK activity assay
JNK kinase assay was measured with a JNK Assay Kit from New England
BioLabs, Inc. (Beverly, MA), according to the manufacturer's protocol. Two
blastomeres of four-cell stage embryos were injected into DMZ with indicated
RNAs. DMZ explants were dissected and cultured until siblings were reached at
stage 12. Kinase activity was assayed, and the samples were analyzed by 12%
SDS-PAGE. Phospho-(Ser63)-c-Jun was detected with phospho-c-Jun-specific
antibody by Western blotting.
Statistical analysis
Differences between groups were considered significant when the P value
was less than 0.05 or 0.1.Results
PKA is required for gastrulation cell movements
To demonstrate the requirement of PKA in gastrulation cell
movements, we conducted loss-of-function analysis using
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specifically inhibited the translation of Myc-tagged 5′-UTR-
PKA mRNA that contains a complementary sequence to which
this morpholino could bind, leading us to expect that it could
inhibit the endogenous PKA protein synthesis. However, it did
not affect the levels of unrelated Myc-tagged ORF-PKA
mRNA, which serves as a specificity control (Fig. 1A). Next,
we investigated the effects of MO-mediated PKA knockdown
on gastrulation movements. As shown in Fig. 1D, dorsal
injection of PKA MO caused a gastrulation-defective pheno-
type. A similar phenotype was observed when the catalytic α
subunit of Xenopus PKA (XPKAc), expected to act as a
constitutively active form, was injected (Fig. 1C). The
phenotype of PKA MO was efficiently rescued by coinjecting
XPKAc, which lacks a complementary UTR sequence that
could bind to PKA MO (Figs. 1E and J). In addition, PKA MO
and XPKAc blocked the elongation of DMZ explants,
suggesting that they could directly affect CE movements in
dorsal tissues (Figs. 1F–I, Table 1). These results support the
necessity for PKA in CE movements during gastrulation, and its
level must be tightly regulated. To determine whether this
gastrulation-defective phenotype was caused by a defect in
mesodermal differentiation, we examined the expression of theFig. 1. Overactivation or knockdown of PKA inhibits gastrulation movements. (A) X
UTR (100 pg) and ORF (100 pg) XPKAc-Myc mRNAwere injected with PKA MO
sampled at early gastrula stages were subjected to Western blotting. Actin serves a
movements in intact embryos and DMZ tissues. Morpholino-mediated knockdown o
rescued by coinjection of XPKAc (100 pg). PKA MO (20 ng) was injected into two
10.25 and cultured until stage 18. (J) Summary of the phenotypes of the injected em
knockdown of PKA does not affect dorsal cell fate specification in DMZ explants
explants cultured to stage 22 (L). XPKAc (100 pg) or PKAMO (20 ng) was injected in
and the expression of markers was detected by RT-PCR. −RT, no reverse transcriptamesodermal markers in DMZ explants by RT-PCR. Misexpres-
sion of PKA does not alter the expression of the dorsal
mesodermal markers chordin (Chd) and goosecoid (Gsc) or the
pan-mesodermal marker, Xbra at stage 12 (Fig. 1K). At stage
22, PKA misexpressed DMZ explants normally express the
dorsal mesoderm marker, Xnot, and ventral mesodermal
marker, MyoD (Fig. 1L). Moreover, the inhibition of CE
movements caused by XPKAc and PKA MO does not result
from conversion of mesoderm to neural ectoderm or endoderm
because no change in expression level of the neural markers
NCAM and Otx2 or the endodermal marker endodermin (Edd)
was observed (Fig. 1L). These results indicate that the
phenotype was caused not by a defect in mesoderm differen-
tiation but by a defect in morphogenetic movements.
PKA regulates cell polarity, protrusive activity, and cortical
actin formation
During mesodermal convergent extension, the cells become
polarized, align mediolaterally, and intercalate (for reviews, see
McEwen and Peifer, 2000; Myers et al., 2002). We observed CE
movements in DMZ tissues microscopically to test whether
PKA is essential in this process. As described in a previousenopus PKA MO specifically inhibits the translation of its cognate mRNA. 5′-
(20 ng) or control MO (20 ng) into the four-cell stage embryos. Whole embryos
s a specificity control. (B–I) Overexpression of XPKAc (100 pg) blocked CE
f PKA also caused a phenotype of defective CE movement. These embryos were
dorsal blastomeres. (F–I) DMZ assays. DMZ explants were dissected at stage
bryos. N represents the number of injected embryos. (K–L) Overactivation or
cultured to stage 12 (K) and dorsoventral patterning of the mesoderm in DMZ
to two dorsal blastomeres at the four-cell stage; the DMZ explants were isolated,
se control sample; ODC, a loading control.
Table 1
Inhibition of DMZ elongation
Injected RNAs Elongation
(%)
Number
− +
Control 5 95 220
XPKAc (100 pg) 89 11 50
PKA MO (20 ng) 86 14 50
XPKAc + PKA MO (50 pg + 20 ng) 35 65 42
XPKAc + PKA MO (100 pg + 20 ng) 20 80 54
PKA MO + DN RhoA (20 ng + 1 ng) 22 78 35
PKA MO + DN RhoA (20 ng + 2 ng) 28 72 38
Wnt11 (500 pg) 87 13 58
Wnt11 + XPKAc (500 pg + 50 pg) 22 78 77
Wnt11 + XPKAc (500 pg + 100 pg) 46 54 67
Fz7 (500 pg) 88 12 68
Fz7 + XPKAc (500 pg + 50 pg) 10 90 66
Fz7 + XPKAc (500 pg + 100 pg) 31 69 42
Dsh (500 pg) 80 20 69
Dsh + XPKAc (500 pg + 50 pg) 17 83 53
Dsh + XPKAc (500 pg + 100 pg) 21 79 47
Dsh + PTX (500 ng + 1 ng) 87 13 43
DN Wnt11 (1 ng) 75 25 67
DN Wnt11 + PKA MO (1 ng + 20 ng) 30 70 72
rFz2 (500 pg) 86 14 70
rFz2 + XPKAc (500 pg + 50 pg) 83 17 80
rFz2 + XPKAc (500 pg + 100 pg) 77 23 40
Gαi (500 pg) 84 16 28
Gαi + XPKAc (500 pg + 50 pg) 42 58 47
Gαi + XPKAc (500 pg + 100 pg) 23 77 30
Gαi + ΔPDZ Dsh (500 pg + 500 pg) 37 63 47
Gαi + ΔDEP Dsh (500 pg + 500 pg) 40 60 39
Note. +, significant elongation (length/width ratio N 2); −, no or weak
elongation.
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was injected with both PKA MO and rhodamine dextran, while
the other blastomere was injected with membrane-binding
Venus (mb-Venus) mRNA as a control. Coinjection of control
MO did not affect the polarization and intercalation of either red
or nonred cells (Fig. 2A). In the PKAMO-injected explants, the
nonred cells (which might lack MO) became polarized and
showed CE movements. In contrast, the red cells (MO-injected
cells) did not exhibit polarization and intercalation (Fig. 2B).
Taken together, this indicates that PKA is required for cell
polarization and intercalation during CE movements.
Cell movements require coordinated cell adhesion to the
extracellular matrix, cytoskeletal assembly and disassembly,
and membrane protrusion and retraction. PKA modulates
adhesion-associated events, such as actin cytoskeletal dynamics
and migration (Whelan and Senger, 2003). Thus, we analyzed
the effects of the loss of PKA function on cytoskeletal dynamics
during CE movements. We first examined whether PKA
knockdown affects protrusive activity in mesodermal cells. As
shown in Fig. 2C, the mesodermal cells exhibited many
filopodia-like protrusions when DMZ tissues adhered to the FN-
coated dish. However, PKA MO severely reduced the number
and the length of these protrusions (Fig. 2D). The effect of PKA
MO on the protrusive activity was rescued by coinjection with
XPKAc mRNA (Fig. 2E). Furthermore, overactivation of PKA
also inhibited the protrusive activity of cells in DMZ explants(Fig. 2F). These results suggest that a fine balance of PKA
activity may be required for the protrusive activity of
mesodermal cells.
It has been shown that PKA directly phosphorylates
monomeric actin, thereby significantly reducing monomer
polymerizibility in vitro (Howe, 2004). However, this poly-
merization has not yet been extrapolated to actin polymerization
during development. Therefore, we also tested whether PKA
regulates cortical actin formation. As shown in Figs. 2J–L, PKA
knockdown significantly reduced cortical actin assembly as
visualized by phalloidin staining. The effect of PKA MO on the
cortical actin formation was reversed by coexpression of
XPKAc mRNA (Figs. 2M–O). However, Western blotting
showed that the level of actin was not affected by PKA
depletion (Fig. 2P). These data imply that PKA may play an
essential role in the regulation of cortical actin dynamics in
Xenopus embryonic cells.
PKA is a component of the noncanonical Wnt pathway, which
regulates CE movements
We previously showed that the level of cAMP and PKA
activity are regulated differently in dorsal and ventral regions
of a developing embryo (Kim and Han, 1999; Song et al.,
2003). The level of PKA activity remained higher in the
dorsal half than in the ventral half until stage 8. At gastrula
stages, however, the reverse occurred, leading us to expect
that PKA is negatively regulated by upstream activator during
gastrulation (Song et al., 2003). Since noncanonical Wnt
pathway has been known to be important in the regulation of
CE movements during gastrulation, we attempt to analyze
whether PKA activity is regulated by noncanonical Wnt
pathway components, such as Wnt11, Fz7, and Dsh (Djiane et
al., 2000; Heisenberg et al., 2000; Tada and Smith, 2000) in
the dorsal tissues of Xenopus embryos. As shown in Fig. 3A,
injection of Wnt11 or Fz7 mRNA respectively induced 0.51-
or 0.61-fold inhibitions of PKA activity. Conversely, DN
Wnt11 increased PKA activity to a little extent and rescued
the decrease of PKA activity caused by the expression of
Wnt11. This result suggests specific control of PKA activity
by Wnt11 signals. Overexpression of WT Dsh also reduced
PKA activity to approximately 0.6-fold (Fig. 3B). In contrast,
the injection of Dsh mutants lacking the PDZ or DEP
domains, both of which are required for PCP signaling
(Wallingford et al., 2000; Winter et al., 2001), did not inhibit
PKA activity instead somewhat activated (Fig. 3B), indicating
a requirement for these domains in the regulation of PKA
activity. We next tested whether XPKAc can indeed restore
the PKA activity suppressed by Wnt11, Fz7, and Dsh,
respectively. As shown in Fig. 3C, injection of noncanonical
Wnt pathway components resulted in a 0.49-, 0.54-, or 0.47-
fold decrease in the basal activity measured in control lysates.
This inhibition was efficiently abolished by coexpression of
XPKAc.
To confirm this aforementioned hierarchy, we performed
rescue assays in which XPKAc was coinjected with noncano-
nical Wnt pathway components (Djiane et al., 2000; Heisenberg
Fig. 2. PKA is essential for cell polarity, protrusion, and cortical actin formation. (A–B) PKA knockdown inhibited the polarization and intercalation of dorsal
mesodermal cells. DMZ explants were cultured on a cover glass coated with fibronectin (FN). CE movements were then observed. (C–E) PKA knockdown disrupted
the protrusive activity of cells in DMZ tissues. Control MO (10 ng) or PKAMO (10 ng) was coinjected dorsally with mb-Venus mRNA. DMZ explants were cultured
on a FN-coated dish until sibling embryos reached the late gastrula stages. The effect of PKA MO was rescued by 50 pg of XPKAc mRNA. (F) The graph shows
statistical data obtained by analyzing 12 cells for each sample. The error bars represent statistical significance (*P b 0.1). (G–O) Morpholino-mediated depletion of
PKA prevented cortical actin formation in dorsal mesodermal cells. The effect of PKA MO was reversed by 50 pg XPKAc mRNA. Control MO (10 ng) or PKA MO
(10 ng) was injected into one blastomere with mb-Venus mRNA as a tracer. DMZ explants were dissected at early gastrula stages, fixed, and stained with rhodamine–
phalloidin. (G, J, M) Images of MO-injected cells. (H, K, N) Images of cortical actin. (I, L, O) Merged images. (P) Knockdown of PKA did not affect the level of actin.
Cell lysates from PKA MO-injected DMZ explants were immunoblotted with an anti-actin antibody.
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Fz7, or Dsh inhibited the elongation of DMZ explants.
Intriguingly, this inhibition was reversed by coexpressing
XPKAc (Figs. 3D–J, Table 1). Consistent with this action, the
inhibition of CE movements caused by DN Wnt11 was rescued
by the coinjection of PKA MO (Table 1). These results indicate
that PKA can negatively control CE movements downstream of
Wnt11, Fz7, or Dsh, and a fine balance of PKA activity is
essential for the gastrulation movements.PKA is required for the Wnt/PCP pathway
Since Wnt11, Fz7, and Dsh signals regulate CE movements
through the PCP and/or Wnt/Ca2+ pathways (for reviews, see
Myers et al., 2002), we wished to determine which of these
pathways involves PKA in the control of CE movements.
Interestingly, PKA activity did not change due to injection of rat
frizzled 2 (rFz2; Fig. 4A), which signals through the Wnt/Ca2+
pathway. Consistent with this, XPKAc did not rescue the
Fig. 3. PKA is negatively regulated by noncanonical Wnt signaling pathway. (A–C) PKA activity in DMZ was negatively controlled by Wnt11, Fz7, and Dsh signals.
Two dorsal blastomeres of four-cell embryos were injected with the indicated RNAs. The DMZ explants isolated at stage 10.25 were cultured until stage 11.5–12, at
which point they were processed using the kinase assay. The quantitative data from four independent experiments are shown. ΔPDZ- and ΔDEP-Dsh in panel B
represent PDZ and DEP domain-deleted Dsh, respectively. The amounts of the injected RNAs were as follows: preprolactin (PPR), 500 pg; Wnt11, 200 pg; Fz7, 200
pg; DN Wnt11, 500 pg; wild-type Dsh, 200 pg; ΔPDZ-Dsh, 500 pg; ΔDEP-Dsh, 500 pg; XPKAc, 25 pg. The error bars represent statistical significance (*P b 0.1,
**P b 0.05). (A–B) PKA activity is inhibited by Wnt11, Fz7, and Dsh. (C) These inhibitions are reversed by coexpressing XPKAc. (D–J) XPKAc rescued the
inhibition of CE movements in DMZ tissues, which were caused by overexpression of Wnt11, Fz7, or Dsh. Four-cell embryos were injected in DMZ with Wnt11 (500
pg), Fz7 (500 pg), or Dsh (500 pg) with or without XPKAc (50 pg), as indicated. DMZ explants were dissected at stage 10.25 and cultured until stage 18.
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implying that there is not a relationship between PKA and the
Wnt/Ca2+ pathway. Furthermore, we examined whether PKA
forms a complex with rFz2 or Cdc42, regulators of Wnt/Ca2+-
mediated cell adhesion (Choi and Han, 2002; Winklbauer et al.,
2001). These proteins did not physically associate with each
other (Fig. 4C; Appendix A, Fig. S2). In addition, we examined
whether the Wnt8 signal, which involves the canonical Wnt
pathway, affects PKA activity. The experiments, however, were
repeated with negative results (Fig. 4A). Moreover, PKA had no
effect on the induction of siamois or Xnr3 through Wnt8 (Fig.
4B). Overall, these results suggest that the effects of PKA have
nothing to do with the Wnt/Ca2+ or Wnt/β-catenin pathways.
We previously reported that the inhibited elongation of
animal cap caused by cPKAwas rescued by the coexpression of
RhoA (Song et al., 2003). This suggests that PKA may be
involved in the RhoA-mediated PCP pathway. Furthermore,
RhoA can be phosphorylated by PKA (Ellerbroek et al., 2003;
Forget et al., 2002). This phosphorylation increases the
interaction of RhoA with Rho-GDI (guanine-nucleotide disso-
ciation inhibitor), resulting in the inactivation of RhoA innonendothelial cells (Lang et al., 1996; Miller et al., 1999; Qiao
et al., 2003). In agreement with this, the reversal of the
phenotype of XPKAc-injected DMZ explants by RhoA
suggests that PKA may down-regulate RhoA activity in dorsal
tissues (Appendix A, Fig. S1). Thus, we decided to examine
whether this is the case. We first tested whether PKA
phosphorylates RhoA during gastrulation in Xenopus embryos.
To measure the RhoA-phosphorylation by PKA, two dorsal
blastomeres were injected with XPKAc or a kinase-inactive
version of PKA [PKA (K72R)]. Overexpression of XPKAc
phosphorylates RhoA, however, PKA (K72R) cannot phos-
phorylate RhoA (Fig. 4D). In a complementary experiment, we
measured RhoA activity by using a GST-RBD (glutathione-S-
transferase-Rho binding domain) fusion protein that recognizes
the GTP-bound active Rho (Ren et al., 1999). Using this assay,
we found that Rho activation was down-regulated by XPKAc,
upon expression in the dorsal tissues of Xenopus embryos (Fig.
4E). In addition, Dsh-induced Rho activation was down-
regulated by the coexpression of XPKAc. These results provide
direct evidence that PKA is downstream of Wnt/Fz/Dsh
signaling for Rho regulation. Consistently, PKA MO somewhat
Fig. 4. PKA negatively modulates RhoA activity in the PCP pathway. (A) PKA activity in DMZ could not be inhibited by the injection of Wnt8 (20 pg) or rFz2 (500
pg), which signal through the Wnt/β-catenin and Wnt/Ca2+ pathways, respectively. The quantitative data from four independent experiments are shown (**P b 0.05).
(B) PKA did not affect the induction of target genes, such as siamois and Xnr3, through injection of Wnt8 RNA. Four-cell embryos were injected in the animal region
with Wnt8 mRNA (20 pg) with or without XPKAc (100 pg) or PKA MO (20 ng). Animal caps were dissected at stage 8.5, cultured until stage 10.5, and analyzed by
RT-PCR for the expression of marker genes. ODC, a loading control; −RT, minus reverse transcription control. (C) PKA binds to the Rac, but not Cdc42. Plasmids for
tagged XPKAc and Cdc42 or Rac1 were transfected, the cell lysates were immunoprecipitated with indicated antibodies. Precipitates were then immunoblotted with
indicated antibodies (shown on the right side). (D) RhoA was phosphorylated by PKA during gastrulation. The indicated RNAs were injected into two dorsal
blastomeres. DMZ explants were isolated, and the phosphorylation of RhoAwas measured from the amount of 32P into the enzyme after immunoprecipitation with
RhoA antibody. PKA phosphorylated RhoA in dose-dependent manner during gastrulation. PKA kinase-inactive version [PKA (K72R)] could not phosphorylate
RhoA. (E) Negative regulation of PKA is required for Rho activation. Rho activation was down-regulated by XPKAc. XPKAc also attenuated the activation of RhoA
induced by Dsh. Four-cell embryos were injected in the dorsal marginal region with Myc-RhoA mRNA (200 pg) with or without XPKAc (50 pg), PKA MO (20 ng),
Dsh (500 pg), or a combination, as indicated. The DMZ explants were dissected at stage 10.25 and cultured until stage 11.5–12. GTP-bound RhoA in cell lysates was
precipitated using GST-RBD. Products from the injected RNAs were monitored by immunoblotting the lysates with anti-Myc antibody. The relative RhoA activity
ratio showed the statistical data obtained from three independent experiments. This is a representative result. (F–H) DN RhoA rescued the inhibition of CE movements
caused by PKA MO. 20 ng of PKA MO inhibited the elongation of DMZ explants. This inhibition was rescued by coinjection with 1 ng of DN RhoA. (I–K) XPKAc
inhibited the membrane accumulation of RhoA induced by Fz7 signaling. Four-cell embryos were injected into the animal region with the indicated RNAs (GFP-
RhoA, 200 pg; Fz7, 500 pg; XPKAc, 25 pg). Animal cap explants were dissected from the late blastula, immediately fixed, and mounted for GFP-tagged proteins.
Arrows in panel J indicate the GFP-RhoA relocalized to the membrane caused by Fz7.
350 E. Park et al. / Developmental Biology 292 (2006) 344–357activates RhoA, indicating that a fine tuned level of PKA is
necessary for proper Rho activity. If the gastrulation-defective
phenotype caused by PKA MO is due to the super-activation of
RhoA, it might be rescued by the inhibition of RhoA, which is
essential for normal gastrulation. To examine this possibility, we
coinjected PKAMOwith dominant negative RhoA (DNRhoA).
The inhibition of CE movements caused by PKA MO was
rescued by the coinjection of DN RhoA (Figs. 4F–H, Table 1).
Since the respective subcellular distributions of GTPases
change during the morphogenetic process, we then investigated
the effects that PKA activation had on the subcellular
localization of RhoA. Fig. 4I shows that GFP-RhoA was
predominantly localized to the nucleus and diffused into the
cytoplasm (Qiao et al., 2003). Coexpression of Fz7, however,
increased the membrane accumulation of GFP-RhoA (Fig. 4J).Intriguingly, this Fz7-induced change was blocked by the
coexpression of XPKAc; then appeared diffusely throughout
the cytoplasm (Fig. 4K). Taken together, these results indicate
that PKA negatively regulates RhoA activity through phos-
phorylation, thereby inhibiting Fz7-induced translocation to the
plasma membrane (Qiao et al., 2003).
PKA forms a complex with Dsh and RhoA
The functional interactions described above between Dsh,
PKA, and RhoA prompted us to determine whether these
proteins physically associate with one another. To test this
possibility, we transfected human embryonic kidney 293T
(HEK293T) cells with GFP-tagged XPKAc, Myc-tagged Dsh,
and RhoA. We then performed reciprocal immunoprecipitation
351E. Park et al. / Developmental Biology 292 (2006) 344–357(IP) assays. As shown in Fig. 5A, Dsh and RhoAwere detected
in the PKA protein complex. Reciprocal IP further confirmed
these interactions (data not shown). These results suggest that
Dsh, RhoA, and PKA can form a complex in vivo. This finding
led us to further investigate the effects of PKA function on the
Dsh protein in frizzled signaling. First, we tested whether PKA
affects the phosphorylation states of Dsh, which change in
response to frizzled signaling. Myc-tagged Dsh was coinjected
with XPKAc mRNA or PKA MO. Two bands were detected in
the Dsh-injected embryos (Rothbacher et al., 2000; Yanagawa
et al., 1995). The upper band represents mobility-shifted
phosphorylated Dsh; the lower band represents nonphosphory-
lated Dsh (Fig. 5B). In the absence of Fz7 signaling, the lower
band was more intense than the upper band. This pattern was not
altered by the coinjection of XPKAc or PKAMO. Coexpression
of Fz7 increased the intensity of the upper band, indicating
hyperphosphorylation of Dsh. This phosphorylation state,Fig. 5. XPKAc associates with Dsh and RhoA in vivo. (A) PKA binds to Dsh and Rh
Myc-Dsh or Myc-RhoA. Then, cell lysates were subjected to coimmunoprecipitation
PKA did not affect the phosphorylation state of Dsh. Four-cell embryos were injected
PKA MO (20 ng), or a combination, as indicated. β-Catenin serves as a loading
unstimulated cells nor blocked its membrane translocation in response to Fz7 signal
Animal caps were cut from late blastula or early gastrula, immediately fixed, and mo
GFP-Dsh, 400 pg; Fz7, 500 pg; XPKAc, 50 pg. (C) Ectopic GFP-Dsh is distributed in
accumulation of GFP-Dsh near the cell membrane. (E) Coexpression of GFP-Dsh w
membrane accumulation of Dsh induced by Fz7 signaling. (G–H) PKA modulates J
were injected with XPKAc (50 pg), PKAMO (20 ng), Dsh (1 ng), or a combination as
and cultured until the siblings reached stage 12; at this point, the kinase activity was a
MO activates JNK activity. (H) The activation of JNK by Dsh signaling was inhibite
independent experiments.however, was not affected by the coinjection of XPKAc. We
further examined whether PKA affects the subcellular localiza-
tion of Dsh. PKA activation neither changed the subcellular
distribution of Dsh in unstimulated cells nor blocked its
membrane translocation in response to Fz7 signaling (Figs.
5C–F). It is noted that phosphorylation states and subcellular
distribution of Dsh were not altered by PKA, although these two
molecules interact with one another.
PKA regulates JNK activity in the PCP pathway during
Xenopus CE movements
JNK is required for tissue polarity and CE movements and is
regulated by Dsh and Rho GTPases, including RhoA, Rac1, and
Cdc42 (Boutros et al., 1998; Fanto et al., 2000; Paricio et al.,
1999; Strutt et al., 1997; Yamanaka et al., 2002). We recently
reported that RhoA is required for JNK activation in the PCPoA. HEK293T cells were transfected with plasmids for tagged GFP-XPKAc and
and immunoblotting with the indicated antibodies (shown on the right side). (B)
in the animal pole region with Myc-Dsh (200 pg), Fz7 (500 pg), XPKAc (50 pg),
control. (C–F) XPKAc neither changed the subcellular distribution of Dsh in
ing. Four-cell stage embryos injected into animal region with reagent indicated.
unted for GFP-tagged proteins. The amount of injected reagents is as followed:
a punctuate fashion in animal cap cells. (D) Coexpression with Fz7 leads to the
ith XPKAc does not change its distribution. (F) XPKAc does not change the
NK activity during Xenopus gastrulation. Two blastomeres of four-cell embryos
indicated in the dorsal marginal zone. DMZ explants were dissected at stage 10.5
ssayed. (G) JNK activity decreased in response to the injection of XPKAc. PKA
d by coexpression of XPKAc. These data are a representative result from three
352 E. Park et al. / Developmental Biology 292 (2006) 344–357pathway during Xenopus CE movements (Kim and Han, 2005).
Thus, we examined whether PKA regulates JNK activity
upstream of RhoA. To determine whether PKA modulates JNK
activity during vertebrate CE movements, JNK activation was
assayed by monitoring c-Jun phosphorylation using a kinase
assay described in a previous study by using DMZ explants
(Kim and Han, 2005). Overexpression of XPKAc inhibited JNK
activation. Importantly, PKA MO activates JNK activity,
suggesting that PKA is specifically required upstream of JNK
in Rho activation (Fig. 5G). Furthermore, as described above,
Dsh function requires PKA activity, and the activation of JNK
in the noncanonical Wnt pathway should be inhibited by
activation of PKA function. As shown in Fig. 5H, the
overexpression of Dsh activated the JNK activity. However,
the activation was greatly inhibited by the coexpression of
XPKAc. Moreover, blocked JNK activation by XPKAc is
reversed by PKA MO. These results provide direct evidence
that PKA is downstream of Wnt/Fz/Dsh signaling for JNK
regulation, and further inhibition of PKA activity is required for
JNK activation by Dsh signals.
PKA inhibition is essential for Dsh-Daam1-PKA complex
function during gastrulation
Wnt/Fz signaling via Dsh leads to activation of small
GTPases Rho, and Rac (Habas et al., 2001, 2003). Here, we
showed that Wnt/Fz/Dsh signaling via PKA regulates RhoFig. 6. PKA inhibition by PCP signaling is essential for Dsh-Daam1-RhoA comple
Activated Dsh and RhoA colocalized with XPKAc. Four-cell embryos were injected i
pg; Fz7, 500 pg; GFP-XPKAc, 25 pg). (D) Dsh and RhoA compete the binding to
Xenopus embryos. Precipitates were then immunoblotted with Rho antibody. (E) Both
tagged Dsh, Dsh deletion mutants and XPKAc were cotransfected, the cell lysates we
of the PDZ domain. Precipitates were immunoblotted with anti-Myc antibody. (F) P
cells were transfected with plasmids for tagged HA-Daam1, Myc-Dsh, and/or G
immunoblotting with the indicated antibodies (shown on the right side).activity during Xenopus gastrulation (Fig. 4E). To further
understand the precise molecular mechanisms of the RhoA
regulation by Wnt/PKA pathway during gastrulation, we
conducted following experiments. To examine whether these
proteins colocalized, GFP-tagged Dsh, RhoA, or XPKAc were
expressed with or without Fz7 in animal cap explants of
Xenopus embryos. Dsh and RhoAwere primarily located in the
cytoplasm (Qiao et al., 2003; Rothbacher et al., 2000). In the
presence of Fz7 signaling, Dsh and RhoA were translocated to
the plasma membrane from the cytoplasm (Rothbacher et al.,
2000; Figs. 4J, 5D). XPKAc was also localized to the
membrane and nucleus in animal cap explants, implying that
these activated proteins colocalized in the plasma membrane
(Figs. 6A–C).
Since Wnt/Fz/Dsh signals could function not only as
activators of RhoA as known already, but also as inhibitor of
PKA at the same time, we tested whether Dsh and RhoA
compete the binding to PKA. We immunoprecipitated the
endogenous catalytic subunits of PKA from Xenopus embryos
injected with or without Dsh. As shown in Fig. 6D, PKA binds
to RhoA, whereas this PKA-RhoA complex is abolished by the
expression of Dsh, indicating that Dsh interferes with the
interaction of PKA and RhoA. To investigate more about this
issue, we examined whether the interaction of Dsh and PKA is
required in regulation of PKA activity. PKA and Dsh mutants
lacking the PDZ or DEP domains, both of which are required
for the regulation of Rho and PKA activity (Habas et al., 2001;x formation, which is required for RhoA activation during gastrulation. (A–C)
nto the animal cap with the indicated RNAs (GFP-Dsh, 400 pg; GFP-RhoA, 200
PKA. Endogenous catalytic subunits of PKA were immunoprecipitated from
the PDZ and DEP domain are required in binding XPKAc to Dsh. Plasmids for
re immunoprecipitated with GFP-antibody. Xdd1 is a Dsh mutant of lacking part
KA has a role of competing to the formation a Dsh-Daam1 complex. HEK293T
FP-XPKAc. Then cell lysates were subjected to coimmunoprecipitation and
353E. Park et al. / Developmental Biology 292 (2006) 344–357Fig. 3B), were expressed in HEK293T cells and immunopre-
cipitation was performed. As shown in Fig. 6E, PKA does not
bind to Dsh mutants, indicating that Dsh and PKA associate in
vivo in a specific manner which depends on the PDZ and/or
DEP domains of Dsh, thereby inhibiting the activity of PKA.
From these results, we can suggest that Dsh-PKA complex
formation is required for the inhibition of PKA activity, leading
to RhoA activation. As shown in Fig. 4D, the RhoA is
phosphorylated by XPKAc, suggesting that phosphorylation
increases the interaction of RhoA with Rho-GDI, resulting in
the inactivation of RhoA in nonendothelial cells (Lang et al.,
1996; Miller et al., 1999; Qiao et al., 2003). Further, we also
showed that PKA kinase-inactive version [PKA (K72R)] could
neither interact with nor phosphorylate RhoA for its inhibition,
indicating that PKA interacts with RhoA for inhibiting the
RhoA activity (Fig. 4D; data not shown). Taking all together,
we can conclude that Dsh may associate with PKAvia PDZ and/
or DEP domains directly or indirectly and inhibits its activity,
thereby disrupting the interaction of PKA and RhoA and then
making RhoA available for its activation.
We next examined the potential mechanism of RhoA
activation by Daam1. Daam1 mediates Wnt-induced Dsh-
Rho complex formation and is required for Wnt/Dsh
activation of RhoA (Habas et al., 2001). Since Dsh-
Daam1-RhoA complex formation activates RhoA likely via
the recruitment of Rho-GEF (guanine nucleotide exchange
factor) by the Daam1 scaffolding protein, we examined
whether PKA has a role of competing to the formation a
Dsh-Daam1 complex. Daam1 binds to Dsh, this complex
formation is somewhat inhibited by expression of PKA (Fig.
6F). In line with this, PKA did not bind to Daam1 (data not
shown), indicating that PKA blocks the formation of Dsh-
Daam1 complex. From these results, we can suggest that
high levels of PKA activity seem to inhibit Dsh-mediated
RhoA activation more effectively by preventing the associ-
ation of Dsh and Daam1 proteins.
Gαi-mediated Wnt signaling regulates PKA activity
The results from several previous studies indicate that
frizzled proteins are serpentine receptors which signal to
downstream effectors through an associated trimeric G protein
complex. In Drosophila, frizzled signaling is transduced by a
trimeric G protein complex (Katanaev et al., 2005; Malbon et
al., 2001). In addition, Fz7 function is blocked by pertussis
toxin (PTX), Gαi inhibitor, in Xenopus and zebrafish (Sheldahl
et al., 1999; Winklbauer et al., 2001). Thus, we tested whether
heterotrimeric G proteins play any role in PKA regulation
through Wnt/Fz signaling. As demonstrated above, injection of
Wnt11 reduced PKA activity, and this inhibition was signifi-
cantly abolished by coexpressing PTX (Fig. 7A). In contrast,
the coinjection of α-transducin, inhibitor of the Gβγ subunit
could not restore the inhibition of PKA activity caused by
Wnt11 (Fig. 7A). Consistent with this result, injection of Gαi
alone resulted in a 0.45-fold decrease in the basal activity
measured in control lysates (Fig. 7B). However, the activation
of Gβγ signaling did not inhibit PKA activity (Fig. 7B). Theseresults indicate that PKA inhibition in response to Wnt11/Fz7
may depend upon Gαi signaling. In addition, we determined
whether PKA regulation by Gαi-mediated Wnt signals is
relevant to mesodermal cell movements. Figs. 7C–E show that
coexpression of XPKAc can rescue the inhibition of CE
movements caused by Gαi activation in the DMZ assay (Table
1). In line with this, Gαi overexpression induces clear
gastrulation defective phenotypes (data not shown). Taken
together, we suggest that PTX-sensitive Gαi proteins may have
critical functions in Wnt11 signal transduction, thereby
controlling PKA activity during CE movements.
Dsh regulates PKA activity downstream of G proteins
Recent studies reveal that heterotrimeric G proteins act
downstream ofWnt signaling, but the hierarchical order between
Dsh and heterotrimeric G proteins in the Wnt/Fz signaling
remains unclear (Liu et al., 2001; Penzo-Mendez et al., 2003;
Winklbauer et al., 2001). Dsh activates PKC, Ca2+ flux, and
CamK‖ in a PTX-insensitive manner in the Wnt/Ca2+ pathway
(Sheldahl et al., 2003; Slusarski et al., 1997a,b), suggesting that
Dsh may regulate PKC activity downstream of or parallel to G
proteins. Since activation of Wnt11/Dsh or Wnt11/Gαi inhibits
PKA activity (see above), we first investigated whether Dsh
functions upstream of G proteins to regulate PKA activity. To
determine this, we testedwhether G proteins are required for Dsh
to inhibit PKA activity. The reduction of PKA activity by Dsh
was not rescued by the coinjection of PTX (data not shown).
Consistent with this finding, PTX could not reverse the inhibited
elongation of DMZ explants caused by Dsh (Table 1). These
results indicate that Dsh regulates PKA activity downstream of
or parallel to heterotrimeric G proteins. Thus, we next tested
whether Dsh mutants lacking the PDZ or DEP domains could
reverse inhibition of PKA activity and DMZ elongation induced
by Gαi expression (Figs. 7F–J, Table 1). In these experiments,
the inhibited PKA activity and elongation of DMZ explants
caused by Gαi were rescued by Dsh mutants, suggesting that
Dsh may regulate PKA activity downstream of heterotrimeric G
proteins. To confirm this aforementioned hierarchy, we also
measured the RhoA activity by using a GST-RBD protein. As
shown in Fig. 7K, Gαi overexpression causes activation of
RhoA, and this activation is inhibited by Dsh mutants, further
demonstrating that Dsh regulates PKA activity downstream of G
proteins.
Discussion
In Xenopus early development, PCP signaling is important
for the gastrulation cell movements (reviewed in Kuhl, 2002;
Solnica-Krezel, 2005). In this study, we present evidence that
PKA, as a negative regulator of the PCP signaling, is implicated
in CE movements. Dorsal overexpression or specific depletion
of PKA induces gastrulation-defective phenotypes, which
include the delay of blastopore closure and the failure of neural
tube closure and anterior/posterior axis formation (Fig. 1).
These results show that PKA might be essential for gastrulation,
and that the level of PKA must be tightly regulated. During
Fig. 7. Gαi signaling mediates the regulation of PKA activity through Wnt11. (A) Wnt11 reduced PKA activity in a PTX-sensitive manner. This reduction of PKA
activity, however, was not rescued by inhibitor of Gβγ signaling, α-transducin. (B) Gαi signaling was sufficient to inhibit PKA activity, whereas expression of Gβ and
Gγ had no effect. (A and B) PKA activity assays in DMZ tissues from embryos injected with Wnt11 (200 pg), PTX (200 pg), Gαi (500 pg), α-transducin (500 pg), Gβ
(250 pg), Gγ (250 pg), or a combination, as indicated. The quantitative data from four independent experiments are shown (*P b 0.1, **P b 0.05). (C–E) The
suppression of CE movements caused by Gαi was reversed by XPKAc in DMZ explants. The amounts of the injected RNAs were as follows: Gαi, 500 pg; XPKAc,
100 pg. (F) PKA activity inhibited by Gαi was restored by coexpression with Dsh mutants. PKA activity was measured with injected DMZ explants. Four-cell
embryos were injected with the indicated RNAs: PPR (500 pg), Wnt11 (200 pg), Gαi (500 pg), ΔPDZ-Dsh (500 pg), and ΔDEP-Dsh (500 pg). The quantitative data
were obtained from four independent experiments (**P b 0.05). (G–J) In the DMZ assay, the inhibition of CE movements by Gαi was rescued byΔPDZ- andΔDEP-
Dsh. (H) 500 pg Gαi inhibits elongation. (I–J) Coinjection with 500 pgΔPDZ- orΔDEP-Dsh rescued the blocked CE movements. (K) BothΔPDZ-Dsh (500 pg) and
ΔDEP-Dsh (500 pg) block RhoA activation induced by Gαi (500 pg). Four-cell embryos were injected in the dorsal marginal region with indicated RNAs. The DMZ
explants were dissected at stage 10.25 and cultured until stage 11.5–12. GTP-bound RhoA in cell lysates was precipitated using GST-RBD. Products from the injected
RNAs were monitored by immunoblotting the lysates with anti-Myc antibody. The line of only Dsh expression is a positive control. This is a representative result from
three independent experiments.
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mediolaterally, and intercalate (for reviews, see Myers et al.,
2002; Wallingford, 2005). We clearly showed that DMZ cells
injected with PKA MO were not polarized nor did they
participate in the intercalation (Figs. 2A–B), indicating that
PKA is critical for controlling cell polarity and changes in cell
shape during CE movements.The PKA-depleted embryos were reminiscent of those
caused by noncanonical Wnt pathway components. In line
with this, our results presented here support that PKA regulates
CE movements through the noncanonical Wnt pathway. As
shown in Figs. 3A–C, PKA activity is inhibited by noncano-
nical Wnt signals in dorsal tissues, and this inhibition was
reversed by XPKAc. Moreover, XPKAc rescues the inhibition
355E. Park et al. / Developmental Biology 292 (2006) 344–357of CE movements caused by noncanonical Wnt pathway
components, such as Wnt11, Fz7, and Dsh (Figs. 3D–J).
Consistently, dominant negative mutants of Wnt11 and Dsh
increase PKA activity to a little extent (Figs. 3A–B). These
weak activities of Wnt11 and Dsh mutants on PKA activation
may be due to the endogenous levels of these wild-type
components in dorsal tissues that are capable of inducing only a
little decrease in PKA activity during gastrula stages. This small
change is critical for the up-regulation of RhoA activity to the
optimal levels at which cell movements occur normally.
Wnt11/Fz7/Dsh signaling could affect CE movements via
activation of the PCP or Wnt/Ca2+ pathways (Medina and
Steinbeisser, 2000; Medina et al., 2000). However, our findings
suggest that PKA does not function in the Wnt/Ca2+ pathway.
First, XPKAc cannot rescue the inhibition of DMZ elongation
caused by the expression of rFz2, a regulator of Wnt/Ca2+
signaling (Table 1). In addition, PKA activity is not regulated by
rFz2 (Fig. 4A), and PKA does not bind to rFz2 or Cdc42
(Appendix A, Fig. S2, Fig. 4C).
On the other hand, there are several observations indicating
the requirement of PKA for the PCP signaling during
gastrulation. First, RhoA rescues the blocking of CE move-
ments caused by XPKAc (Appendix A, Fig. S1). Consistently,
the inhibition of CE movements resulting from PKA knock-
down could be rescued by coexpression of DN RhoA (Figs. 4F–
H). Second, PKA inhibits the Fz7-induced RhoA translocation
to the plasma membrane (Figs. 4I–K). Third, PKA phosphor-
ylates RhoA and inhibits its activity (Figs. 4D–E). Previous
works showed that RhoA phosphorylation on Ser188 by PKA
inhibits its activity (Miller et al., 1999; Qiao et al., 2003).
However, Xenopus RhoA does not have serine 188, indicating
that PKA may phosphorylate other residues. Determination of
the sites in RhoA that are phosphorylated by PKA signaling in
Xenopus awaits further study. In line with this, a kinase-inactive
mutant of PKA (PKA K72R) could neither interact with nor
phosphorylate RhoA for its inhibition (Fig. 4D, data not
shown), suggesting that their association is a major part of
process leading to the inhibition of RhoA activity. Furthermore,
PKA binds to rFz1, which activates both RhoA and β-catenin
(Liu et al., 2001; Appendix A, Fig. S2). Together, these results
suggest that PKA functions as a negative regulator in Wnt/PCP
signaling pathway.
Frizzled proteins, a class of serpentine receptors, usually
transduce signals to downstream effectors through an associated
trimeric G protein complex. In this study, we show that the
inhibition of PKA activity induced by Wnt11/Fz7 signaling is
sensitive to PTX, an inhibitor of Gαi signaling (Fig. 7A). Thus,
we conclude that PKA inhibition, in response to Wnt11/Fz7, is
dependent on Gαi signaling in the PCP pathway. A recent study
demonstrates that activation of Gβγ signaling downstream of
Wnt11/Fz7 regulates Cdc42 activity, which regulates CE
movements through the Wnt/Ca2+ pathway (Penzo-Mendez et
al., 2003). These results imply that Wnt11/Fz7 signaling
branches into the PCP pathway or the Wnt/Ca2+ pathway,
depending upon an associated trimeric G protein complex.
In this study, we showed that Wnt11/Fz7/Gαi signaling
inhibits PKA activity (Figs. 3A, 7A–B). Although the detailedbiochemical mechanisms of this process need further investi-
gation, it is likely that Wnt11/Fz7/Gαi signaling regulates PKA
activity through the fluctuation of intracellular cAMP. Previ-
ously, we reported that cAMP concentrations are regulated
differentially along the dorsal/ventral axis of developing
embryos (Kim and Han, 1999). During gastrulation, the level
of cAMP is lower in dorsal halves than in ventral halves (Kim
and Han, 1999). In addition, our preliminary work showed that
cAMP activity is downregulated by Wnt11/Fz7 signaling.
cAMP is generated by an adenylyl cyclase (AC), a membrane
protein which converts ATP to cAMP and is regulated by
stimulatory and inhibitory G proteins (Gs and Gi, reviewed by
Della Fazia et al., 1997; Hanoune et al., 1997). These results
indicate the possibility that Wnt11/Fz7/Gαi signaling inhibits
PKA activity via cAMP.
Although the heterotrimeric G proteins have been shown to
act downstream of Wnt/Fz signaling (Penzo-Mendez et al.,
2003; Winklbauer et al., 2001), the hierarchy between G
proteins and Dsh in this signaling cascade remains unclear. The
present study shows that the inhibition of DMZ explants
elongation, and PKA activity caused by Gαi signaling was
restored by Dsh mutants (Figs. 7F–J). RhoA activation caused
by Gαi signal was also rescued by Dsh mutants (Fig. 7K). These
finding suggest that Dsh regulates PKA and RhoA activities
downstream of heterotrimeric G proteins. The molecular events
linking these G proteins to Dsh inWnt/Fz signaling remain to be
investigated in the future.
The down-regulation of PKA by Wnt11/Dsh signals
suggests that these could function not only as activators of
RhoA as known already but also as inhibitors of PKA at the
same time. We also showed that Dsh interferes with the
interaction of PKA and RhoA. In addition, Dsh and PKA
associate in vivo in a specific manner which depends on the
PDZ and/or DEP domains of Dsh, thereby inhibiting the activity
of PKA. Furthermore, PKA has an inhibitory effect on the
formation of Dsh-Daam1 complex.
In light of these findings, we suggest the following model
for the Wnt/PCP signaling pathway. Before Wnt/Fz signaling
is activated for gastrulation movements, PKA in dorsal tissue
is active enough to inhibit the establishment of the optimal
levels of RhoA activity that can lead to normal gastrulation
movements. At this time, PKA could interact with RhoA,
resulting in RhoA phosphorylation (Fig. 4D). This phosphor-
ylation increases the interaction of RhoA and Rho-GDI and
inhibits its function (Habas et al., 2001; Qiao et al., 2003).
Furthermore, the high levels of PKA activity impede the
formation of Dsh-Daam1 complex, thereby inhibiting RhoA
activation more strongly (Fig. 6F). During gastrulation
movements, Wnt activates Fz receptors, which translocate
Dsh to the plasma membrane and promotes Dsh-mediated
PKA inhibition. Suppression of PKA activity leads to the
release of RhoA from its inhibited state and the formation of
Damm1-mediated Dsh-RhoA complex (Fig. 6D; Habas et al.,
2001). This complex may induce RhoA activation through the
recruitment of Rho-GEF, thereby resulting in active cytoskel-
etal changes during cell movements via ROKα and JNK
(Braga et al., 1997; Fanto et al., 2000; Habas et al., 2001,
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Schmitz et al., 2000; Winter et al., 2001).
We reported that RhoA is required for the activation of
JNK during Xenopus gastrulation (Kim and Han, 2005). JNK,
an essential component of tissue polarity for CE movements,
is implicated downstream of Wnt/Fz/Dsh signaling. In this
paper, we showed that PKA regulates JNK activity during
Xenopus gastrulation (Fig. 5G). Furthermore, Dsh induced
JNK activation is inhibited by coexpression of XPKAc (Fig.
5H), providing a direct evidence that PKA is a downstream
component of Wnt/Fz/Dsh signaling. However, JNK regula-
tion in the PCP pathway might be more complex and may
depend on cell context. For example, in HEK293T cells, only
Rac1, a regulator of cytoskeletal dynamics and cell adhesion,
mediates JNK activation through Dsh (Habas et al., 2003). In
NIH3T3 cells, Rac1 and Cdc42 regulate JNK activation
through Dsh (Moriguchi et al., 1999). However, in COS7
cells, none of the Rho GTPases are required for JNK
activation by Dsh (Li et al., 1999). Since PKA interacts
with Rac1 in HEK293T cells (Fig. 4C), we examined the
effects of PKA on JNK activity in these cells. Interestingly,
PKA signaling did not inhibit JNK activity and on the
contrary increased it to some extent in this cell line (data not
shown). These indicate that PKA may regulate JNK activity
via Rac1 but not RhoA in HEK293T cells. Similarly, PKA
appears to be required for the activation of Rac in carcinomas
and endothelial cells (Dormond et al., 2002; O'Connor and
Mercurio, 2001). It remains to be investigated what effects
PKA has on the Rac-mediated JNK activation during Xenopus
gastrulation.
PKA plays important roles in the regulation of many
elements of the cytoarchitecture, which include actin microfila-
ments, intermediate filaments, microtubules, and stathmin (for a
review, see Howe, 2004). Although it is well established that
PKA dynamically regulates cell adhesion and migration
(reviewed in Howe, 2004), the molecular mechanism of how
PKA is regulated during these processes is unclear. It has been
demonstrated that components of PCP pathway regulate cell
polarity and protrusive activity in DMZ cells (Iioka et al., 2004;
Wallingford et al., 2000). To investigate whether PKA also
regulates protrusive activity mediated by PCP signaling, we
expressed the DN Wnt11 with or without PKA MO in DMZ
cells. The expression of DN Wnt11 (Tada and Smith, 2000)
significantly reduced the number of protrusions (Iioka et al.,
2004; Appendix A, Fig. S3). These effects were reversed by
coexpression with PKA MO (Appendix A, Fig. S3), suggesting
that PKA modulates protrusive activity and cortical actin
formation downstream of PCP signaling in Xenopus mesoder-
mal cells.
In conclusion, we first demonstrated the functional role of
PKA in the PCP signaling pathway. Since PKA has an
inhibitory effect on RhoA activity in dorsal tissues, it must be
negatively regulated by upstream PCP signals for the optimal
levels of RhoA activity that are required for cell movements
during Xenopus gastrulation, as is GSK3 regulated by Wnt/β-
catenin signaling for the stabilization of β-catenin mediator of
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